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Feed-efficient animals have lower production costs and reduced environmental impact. Given that rumen microbial fermenta-
tion plays a pivotal role in host nutrition, the premise that rumen microbiota may contribute to host feed efficiency is gaining
momentum. Since diet is a major factor in determining rumen community structure and fermentation patterns, we investigated
the effect of divergence in phenotypic residual feed intake (RFI) on ruminal community structure of beef cattle across two con-
trasting diets. PCR-denaturing gradient gel electrophoresis (DGGE) and quantitative PCR (qPCR) were performed to profile the

rumen bacterial population and to quantify the ruminal populations of Entodinium spp., protozoa, Fibrobacter succinogenes,
Ruminococcus flavefaciens, Ruminococcus albus, Prevotella brevis, the genus Prevotella, and fungi in 14 low (efficient)- and 14
high (inefficient)-RFI animals offered a low-energy, high-forage diet, followed by a high-energy, low-forage diet. Canonical cor-
respondence and Spearman correlation analyses were used to investigate associations between physiological variables and ru-
men microbial structure and specific microbial populations, respectively. The effect of RFI on bacterial profiles was influenced
by diet, with the association between RFI group and PCR-DGGE profiles stronger for the higher forage diet. qPCR showed that
Prevotella abundance was higher (P < 0.0001) in inefficient animals. A higher (P < 0.0001) abundance of Entodinium and Pre-
votella spp. and a lower (P < 0.0001) abundance of Fibrobacter succinogenes were observed when animals were offered the low-
forage diet. Thus, differences in the ruminal microflora may contribute to host feed efficiency, although this effect may also be

modulated by the diet offered.

he rumen ecosystem harbors an immense diversity of micro-

scopic organisms, including, anaerobic bacteria, archaea,
fungi, and single-celled ciliated protozoa (28). The structure of
this microbial community is influenced by many factors, includ-
ing host species, age, health status, diet, geographical location, and
whether the animal has received antibiotic treatment (8). Mi-
crobes that have been previously isolated from the bovine rumen
include Prevotella bacteria (e.g., Prevotella brevis), fibrolytic bac-
teria (e.g., Fibrobacter succinogenes, Ruminococcus flavefaciens, and
Ruminococcus albus), rumen fungi, and protozoa (e.g., Entod-
inium) (28). Collectively, these microorganisms enable the regu-
lation of ruminal pH (56) and the fermentation of cellulose, hemi-
cellulose, and fiber (39) to end products utilizable by the host and
therefore having a significant effect on host maintenance, growth,
and performance. In return, the host animal provides substrate,
together with a suitable anaerobic environment for the microbes
to thrive.

Residual feed intake (RFI), defined as the difference between
an animal’s actual feed intake and its predicted intake based on
rate of gain and body size, has become the preferred measure of
energetic efficiency for livestock (23). This is largely because RFI is
moderately heritable and genetically independent of growth and
body size (7). Efficient or low-RFI animals offer a significant eco-
nomic advantage since they consume less feed, than expected, for
their weight and rate of gain, compared to their more inefficient or
high-RFI counterparts. Although the specific biological mecha-
nisms contributing to improved feed efficiency have yet to be fully
elucidated, it is likely to be controlled by a combination of factors,
including physiological (23), genetic (24), and behavioral mecha-
nisms (34). Indeed, a recent molecular analysis of rumen contents
from Canadian feedlot managed beef steers reported evidence for
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alink between rumen bacterial profiles and RFI in animals offered
a high-energy finishing diet (20). In that study, PCR-denaturing
gradient gel electrophoresis (DGGE) profiles generated for effi-
cient steers differed from those for inefficient steers, indicating
that the rumen microbial population may contribute to feed effi-
ciency of the host.

Diet is one of the main factors influencing rumen microbial
populations and specifically the milieu of substrate derived from
microbial fermentation of ingested feed. The principal fermenta-
tion components will of course vary depending on the chemical
composition of the feed. For example, a forage-based diet is dom-
inated by cellulose and hemicellulose, which favors the prolifera-
tion of fibrolytic bacteria. Starch and sugars are the major fermen-
tation components of concentrate-based diets, thus favoring
starch-degrading amylolytic bacteria. A few studies to date have
provided evidence for an effect of diet on the ruminal microbial
consortia in cattle (9, 50). Furthermore, a host-specific micro-
biome has been identified in cattle divergent in RFI offered a high-
energy diet (20). However, despite its obvious critical importance,
there is little published information on the effect of diet compo-
sition on the ruminal microbial consortia in cattle divergent for
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RFI. Although our own work suggests moderate within-animal
repeatability of RFI while maintained on a constant diet type (31),
other recent work from Canada has shown that the relative rank-
ing of animals for this trait may change when moved from a low-
to a high-energy diet (14).

In the present study, we hypothesized that both the overall
rumen microbial profile and specific rumen microbial groups
would be influenced by host feed efficiency and that this may also
depend on the dietary substrate offered. Therefore, a molecular
analysis of the rumen microflora of beef heifers phenotypically
divergent for RFI across two contrasting diets, namely, high-for-
age grass silage (HF) followed by a low-forage high concentrate
diet (LF) was conducted.

MATERIALS AND METHODS

All procedures involving animals were approved for the use of live animals
in experiments by the University College Dublin Animal Research Ethics
Committee and were licensed by the Irish Department of Health and
Children in accordance with the Cruelty to Animals Act (Ireland 1897)
and European Community Directive 86/609/EC.

Animals and diets. This experiment was conducted as part of a larger
study designed to examine the physiological control of energetic efficiency
in growing beef heifers (30). Briefly, individual dry matter intake (DMI)
and growth were recorded for 86 yearling Limousin X Friesian heifers
offered ad libitum access to a high-energy low forage (LF) diet over 112
days. All animals were subsequently ranked retrospectively on phenotypic
RFI, defined as the deviation of predicted DMI from actual daily DMI (7).
Fourteen heifers with the highest (inefficient; high RFI) and 14 heifers
with the lowest (efficient; low RFI) RFI coefficients during that study were
selected (n = 28 in total) for use in the present study (see Table S1 in the
supplemental material). The mean RFI value for the H-RFI heifers was 0.7
(standard deviation [SD] = 0.39), while the mean RFI value for the L-RFI
heifers was —0.7 (SD = 0.24). The mean age at the start of the experiment
was 248 days (SD = 20 days), and the mean weight was 315 kg (SD = 35.5
kg). After initial selection, all 28 animals were re-allocated to a high-forage
diet (HF), and the individual feed intake was recorded for a 44-day period.
After this 44-day period (period 1), all animals were turned out to pasture
for a 56-day dietary “washout” period. Subsequently, all 28 animals were
rehoused and re-allocated to a low-forage diet (LF), and the individual
feed intake was recorded for 35 days (period 2). Individual feed intake and
body weight gain were recorded for a further 84 days, and the RFI was
recalculated. All 28 animals remained within their respective RFI groups
(31). The experiment was therefore designed to have two factors: RFI
phenotype and diet type. The HF diet was composed of grass silage only,
whereas the LF diet was composed of pelleted concentrate and corn silage
at a 70:30 concentrate/forage ratio (dry matter [DM] basis) and was of-
fered as a total mixed ration (TMR). Both diets were offered ad libitum.
Dietary ingredients and chemical composition has been previously de-
scribed in detail (30). Daily feed intake was measured for each animal
using a previously validated (30) electronic feed intake monitoring system
(Insentec, Marknesse, Netherlands). The total daily DMI was calculated as
the sum of all meals consumed within each day corrected for DM content.
The average daily metabolizable energy intake (MEI) per unit of meta-
bolic body weight was estimated using the following equation: MEI =
[gross energy X digestible energy (42) X 0.82]/metabolic body weight as
previously described (16). Animals were weighed at 14-day intervals over
both dietary periods using calibrated scales. The average daily gain (ADG)
was computed as the coefficient of the linear regression of weight (in kg)
over time using the Statistical Analysis Systems REG procedure (SAS In-
stitute, Inc., Cary, NC). Mid-test metabolic body weight (MBW) was es-
timated from the intercept and slope of the regression line after fitting a
linear regression through all metabolic body weight (BW%7%) observa-
tions.
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Rumen sampling. Rumen sampling was performed at the end of both
dietary periods. Samples of rumen fluid were collected using a transesoph-
ageal sampling device (FLORA rumen scoop; Guelph, Ontario, Canada).
The pH of each sample was recorded immediately after collection using a
Mettler Toledo MP 200 pH meter (Mettler Toledo, Ltd., Essex, England).
Subsequently, a 20-ml aliquot was transferred using a pipette and steril-
ized tip into a separate labeled sterilized container, immediately frozen in
liquid nitrogen, and stored at —80°C until processing.

DNA extraction from rumen fluid. Total microbial DNA was ex-
tracted from the 28 rumen fluid samples by adaptation of the repeated
bead beating and column purification (RBB+C) method described by Yu
and Morrison (59), which provides efficient recovery of PCR-quality mi-
crobial DNA. The detailed experimental procedure for DNA extraction is
provided in the supplemental material.

PCR amplification of bacterial 16S rRNA genes. DNA extracted from
individual rumen fluid samples was diluted to a concentration of 100 ng
ul™!, and 1 pl of this diluted DNA was used as a template in all PCRs.
Approximately 200 bp of the V2-V3 region of the 16S rRNA gene (posi-
tions 339 to 539 in the Escherichia coli 16S rRNA gene, accession number
EU009187) was amplified using the universal bacterial primer set HDA-
1GC and HDA2 (HDA1 GC [5'-CGC CCG GGG CGC GCC CCG GGC
GGG GCG GGG GCA CGG GGG GAC TCC TAC GGG AGG CAG CAG
T-3'] and HDA2 [5'-GTA TTA CCG CGG CTG CTG GCA C-3']) (54).
The hypervariable V3 region of the 16S rRNA gene has been reported as
the most favorable target in PCR-DGGE analysis when profiling microbial
communities in the gastrointestinal tract of herbivores (58). The forward
primer incorporated a 40-bp GC clamp (indicated in boldface) (40) at its
5" terminus. All PCR amplifications were optimized and performed in
0.2-ml tubes in a DNA thermal cycler (Bio-Rad S1000 thermal cycler;
Bio-Rad Laboratories, Inc., Hercules, CA). The amplification procedure
was carried as previously described (46), with the exception of a 2- min
duration for the initial denaturation step. Aliquots (10 wl) of the PCR
products were analyzed by electrophoresis on a 1.5% agarose gel (wt/vol)
in sodium borate buffer to verify the presence and sizes of the PCR prod-
ucts. Negative controls without template DNA were included in parallel.
All PCR products were stored at —20°C until further use in DGGE anal-
ysis.

PCR-DGGE. PCR amplicons were used for sequence specific separa-
tion by DGGE. DGGE was performed using a D-Code universal mutation
detection system (Bio-Rad) at a constant voltage of 75 V as previously
described (46). A customized DGGE marker and a sample pool of all 56
PCR products were both used as references to normalize the band position
for later gel comparisons. After electrophoresis, the gels were stained for
10 to 15 min in 1X Tris-acetate-EDTA (TAE) buffer containing SYBR
Green I dye (Invitrogen, Carlsbad, CA) and destained in 1X TAE buffer
for 5 min. Visualization of DNA was carried out using a Bio-Rad Geldoc
XR system (Bio-Rad) with the aid of Quantity One software (Bio-Rad),
and the image was saved for further profile analysis.

DGGE profile analysis. DGGE profile analysis was carried out as pre-
viously described (29). After normalization, the similarity between pro-
files was calculated using the Dice similarity coefficient (D, ) (12), and
clustering was performed by construction of dendrograms using un-
weighted pairwise grouping with mathematical averages (UPGMA). Sub-
sequently, the average D values were calculated according to the method
of Guan et al. (20). Multidimensional scaling (MDS) was performed using
the MDS module supplied with the Bionumerics software package.

CCA. The canonical correspondence analysis (CCA) technique was
developed to relate community profiles to known external variables (51).
In our study, CCA was used to investigate the relationships between ru-
men microbial community composition obtained from the DGGE band-
ing patterns and a number of physiological and rumen fermentation vari-
ables (see Table 3) measured on the animals. When used for DGGE profile
analysis, CCA creates axes of variation in profile banding patterns that are
maximally related to explanatory variables. CCA was implemented using
CANOCO 4.0 (52) for Microsoft Windows software under default set-
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TABLE 1 PCR primers used in this study for the quantification of specific rumen microbes by gPCR

Primer (5'-3")

SSU Efficiency Product

Target taxon rRNA“ Forward Reverse (e) size (bp) Reference

165 V3° 16S CCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGG 2.00 194 40

Entodinium 18S GAGCTAATACATGCTAA CCCTCACTACAATCGAGA 2.08 317 47
GGC TTTAAGG

Fibrobacter succinogenes 16S GTTCGGAATTACTGGGC CGCCTGCCCCTGAACTATC 1.99 121 10
GTAAA

General anaerobic fungi 18S GAGGAAGTAAAAGTCG CAAATTCACAAAGGGTAG 2.02 120 10
TAACAAGGTTTC GATGATT

Prevotella spp. 16S GGTTCTGAGAGGAAGG TCCTGCACGCTACTTGGCTG 2.08 121 48
TCCCC

Prevotella brevis 16S GGTTTCCTTGAGTGTAT CTTTCGCTTGGCCGCTG 1.94 219 48
TCGACGTC

Protozoa 188 GCTTTCGWTGGTAGTG CTTGCCCTCYAATCGTWCT 1.97 223 49
TATT

Ruminococcus albus 16S TGTTAACAGAGGGAAG TGCAGCCTACAATCCGAA 1.99 75 48
CAAAGCA CTAA

Ruminococcus flavefaciens 16S CGAACGGAGATAATTTG CGGTCTCTGTATGTTATGA 2.03 132 10
AGTTTACTTAGG GGTATTACC

@ SSU rRNA, small subunit rRNA gene targeted.
b Primers used for qPCR normalization.

tings, and the results of the analyses were visualized as ordination biplots.
A detailed explanation of a CCA biplot is provided below (see the legend
for Fig. 2). A Monte Carlo permutation test based on 499 random permu-
tations was used to test the null hypothesis that bacterial profiles were
unrelated to the physiological and rumen fermentation variables.

Quantitative PCR (qPCR). The genus- and species-specific primer
sets used in the present study to amplify partial 16S rRNA/18S rRNA gene
regions of the microbial genome were selected on the basis of a thorough
review of the published literature (Table 1). All primer sets were commer-
cially synthesized (Sigma-Aldrich Ireland, Ltd., Dublin, Ireland), and
endpoint PCR was conducted to validate the specificity of the primers
against target species. Extracted DNA from individual rumen fluid sam-
ples was diluted to a concentration of 100 ng 1!, and 1 pul of diluted
DNA was used as a template in all PCRs. All PCR amplifications were
optimized and performed in 0.5-ml tubes in a DNA thermal cycler (Mas-
ter Cycle; Eppendorf AG, Hamburg, Germany) using the following pro-
gram: an initial denaturation step of 95°C for 2 min, followed by 30 cycles
of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, with a final elongation
cycle of 72°C for 7 min. The PCR solution (Bioron, Ludwigshafen, Ger-
many) was as previously described (21) with the addition 40 pl of molec-
ular-grade H,O to give a final concentration of 50 pl. Aliquots (10 ) of
PCR products were analyzed by electrophoresis on a 2% agarose gel (wt/
vol) to verify the presence and size of the amplicons. Negative controls
without template DNA were included in parallel. Amplicons correspond-
ing to specific species were subjected to sequence analysis to verify their
specific identity (Macrogen, Seoul, Korea).

qPCR assays. Relative qPCR assays were performed on an ABI 7500
Fast real-time PCR system using Fast SYBR master mix (Applied Biosys-
tems, Warrington, United Kingdom). Optimization of assay conditions
were performed for both primer and template DNA concentrations. To
reduce PCR inhibition, total microbial DNA was diluted to 1 ng ul’l. A
primer concentration of 10 wM was found to be optimal for each assay. All
amplified qPCRs were carried out as previously described (32) utilizing
Fast SYBR Green master mix.

Due to inconsistency in the concentration of PCR inhibitors in each
rumen sample, it is essential to verify the efficiency of the reaction to
ensure correct quantitation. Seven serial dilutions (10- or 5-fold) of total
microbial DNA were amplified by real-time PCR as described above. Real-
time PCR amplification efficiencies (e) were estimated for the primer sets
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listed in Table 1 from a linear regression of the threshold cycle (C;) for
each dilution versus the log dilution using the formula: e = 10~ /51°P¢ or
e = 5 slope (45) where “10” or “5” is the corresponding fold dilution.
Efficiencies of the species-specific primers sets are presented in Table 1.
These efficiencies ranged from 1.94 to 2.08, close to the optimum value of
2.0, which is representative of the doubling effect of the target sequence
during the qPCR cycle. Only primers with PCR efficiencies between 90
and 110% were used in the present study.

While adhering to the MIQE guidelines (4), qPCR data were processed
using the software package GenEx 5.2.1.3 (MultiD Analyses AB, Gothen-
burg, Sweden) as previously described (43). The relative abundance of the
microbial populations was expressed as a proportion of total estimated
rumen bacterial 16S rRNA gene as described previously (6) according to
the following equation: relative quantification = 2~ (CT-target = CT-total bacteria)
where C represents the threshold cycle. Changes in microbial communi-
ties due to an effect of RFI phenotype or dietary energy type were ex-
pressed relative to the total bacteria.

Statistical analysis. All data were analyzed using SAS v9.1 2002 (SAS
Institute, Cary, NC) as previously described (32). Spearman partial cor-
relation analysis (PROC CORR; SAS) was conducted to examine associa-
tions among the physiological data, rumen fermentation variables, and
measured relative microbial abundance values, with RFI and dietary treat-
ment included as fixed effects in the analysis.

RESULTS

Analysis of rumen microbial community composition. In all,
four DGGE gels representing 56 samples were processed and in-
cluded both low- and high-RFI groups and low- and high-dietary-
forage groups. PCR-DGGE microbial community analysis re-
vealed complex banding patterns and showed that each animal
possessed an individual unique community structure (see Fig. S1
and S2 in the supplemental material). Across the samples (n =
56), the mean number of DGGE bands per sample was 27, with a
range of 12 to 41 bands.

The microbial communities from each sample were first com-
pared individually, to identify any differences in the microbial
profiles of H- or L-RFI animals offered a HF (see Fig. S1A in the
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supplemental material) or LF (Fig. S1B in the supplemental ma-
terial) diet. UPGMA analysis of the bacterial DGGE profiles of
animals offered the HF diet (see Fig. SI1A in the supplemental
material) resulted in segregation of the majority of L-RFI and
H-RFI profiles into two distinct clusters. This suggests that differ-
ences between the bacterial population in rumen fluid of H-RFI
and L-RFI animals existed. Within the profiles corresponding to
the HF diet (see Fig. SIA in the supplemental material), the mean
number of bands for H-RFI heifers was 32, with a range of 19 to 41
bands. The mean number of bands for L-RFI heifers on the HF
diet was 28, with a range of 21 to 36 bands. For the HF diet profiles,
the banding patterns of the bacterial PCR DGGE profiles from the
28 rumen fluid samples tended to cluster according to RFI pheno-
type, with the majority of the H-RFI banding patterns grouping
together and segregating from the majority of the L-RFI banding
patterns. The overall average D,. (%) for the DGGE profile of
animals on the HF diet was 72%, while the average D, values for
the L-RFI and H-RFI groups were 76 and 75%, respectively.

Segregation of bacterial profiles from the two phenotypes was
not consistently observed when animals were offered the LF diet
(see Fig. S1B in the supplemental material). In profiles from ani-
mals on the LF diet (see Fig. S1B in the supplemental material), the
mean number of bands for inefficient heifers was 25, with a range
of 14 to 34, whereas the efficient heifers had a mean number of 23
bands, ranging from 12 to 32. The clustering of the banding pat-
terns for this diet was different from that for the HF diet in that no
large segregated clusters between L-RFI and H-RFI were evident.
However, some smaller clusters from either all H-RFI or L-RFI
animals were observed (see Fig. S1B in the supplemental mate-
rial). The average D for the LF diet PCR-DGGE profile was 60%.
The similarity of the profiles for the two phenotypes was 60% for
the L-RFI and 62% for the H-RFI heifers, respectively.

All PCR-DGGE profiles were further compared concurrently
across both diets irrespective of the RFI ranking to examine the
effect of diet on bacterial populations in the rumen. For both diets,
the complexity of the banding patterns from profiles was quite
diverse, with the LF diet profiles exhibiting greater diversity than
HEF diet profiles. Visually, the banding patterns were different be-
tween the diets, with many bands observed in the LF diet profiles
that were not found in the HF profiles (see Fig. S2 in the supple-
mental material). Some of these bands were found to have in-
creased intensity compared to the rest of the bands in the LF diet
profile. Band intensity is a semiquantitative method for inferring
relative microbial abundance (60). Therefore, the intense bands
detected in the LF diet may only be in high abundance due to the
dietary substrate offered. In addition, there were more bands pres-
ent in the lower section of the DGGE profile of animals on the LF
diet compared to animals on the HF diet. The position of these
lower bands in the section of the gel with a higher percentage of
urea indicates that they are likely to be GC-rich. After UPGMA
analysis, the overall bacterial communities separated into two ma-
jor clusters based on diet (see Fig. S2 in the supplemental mate-
rial). The banding profile for the HF grass silage diet tended to
cluster together and segregate from the banding profile of the LF
TMR diet, which also clustered together. The overall average level
of similarity based on diet of this profile was 30%. The data also
show that the rumen bacteria present when animals were main-
tained on the HF diet were more similar to each other (73% sim-
ilarity) than when animals were maintained on a high-starch, pre-
dominantly concentrate-based diet (58% similarity).

4952 aem.asm.org

In order to further characterize the effect of diet on rumen
microbial community structure, MDS was used to produce a
three-dimensional plot to show the relationship of bacterial diver-
sity among both H-RFI and L-RFI animals across both diets. The
MDS analysis showed that PCR-DGGE profiles from animals of-
fered the HF diet (Fig. 1, green symbols) grouped closely together
and that the PCR-DGGE profiles from animals offered the LF diet
(Fig. 1, red symbols) grouped together, but less closely, compared
to profiles from the HF diet.

Influence of animal performance, rumen fermentation vari-
ables, and diet digestibility on rumen microbial community
composition. CCA was used to investigate whether the variation
observed between different ruminal microbial profiles is associ-
ated with variation in either animal performance- or rumen fer-
mentation-related variables. Figure 2 shows the CCA ordination
plot of the DGGE profiles (n = 56) from high and low RFI animals
across both diets in relation to a range of potential influencing
factors, including animal performance (dry matter intake [DMI],
RFI, ADG, and mid-test live weight [MLW]), rumen fermentation
variables (methane [CH,], total volatile fatty acids [tVFA], ace-
tate, propionate, butyrate, isobutyrate, valerate, isovalerate, ac-
etate:propionate ratio [A:P], pH, and methane as a proportion of
gross energy intake [CH,GEI]), and diet digestibility (dry matter
digestibility [DMD], organic matter digestibility [OMD], crude
protein digestibility [CPD], neutral detergent fiber digestibility
[NDFD], acid detergent fiber digestibility [ADFD], and gross en-
ergy digestibility [GED]). A summary of the effect of RFI pheno-
type and diet on these measured variables is provided in Table S2
in the supplemental material. Axes 1 and 2 were found to explain
10.7 and 5.0% of the overall variance within the DGGE data, ac-
counting for 15.7% of the total variance. The cumulative species-
environment relationship for axes 1 and 2 was 32.8%. CCA also
showed a high correlation value between species and environmen-
tal variables for the first (0.935) and second (0.839) axes, indicat-
ing a strong relationship between the environmental variables and
the rumen community structure. Monte Carlo significance tests
indicated that both axes explained a substantial proportion (P <
0.01) of the variation in the data. Canonical coefficients for the
environmental factors revealed that most of these species-envi-
ronment relationships could be explained by an individual factor
with ADG (r = 0.7338) exhibiting maximum correlation with axis
1 and A:P ratio (r = —0.3832) with axis 2. In all, the four ordina-
tion axes explained 24% of the rumen bacterial variation in the 56
samples.

The CCA ordination plot presented in Fig. 2 suggests that two
distinct bacterial groupings exist based on diet and the fact that a
relationship exists between these microbial groups and specific
environmental factors. This manifested as an association between
host performance and bacterial profiles under an LF dietary ré-
gime, whereas under an HF diet a relationship between rumen
fermentation and bacterial profiles existed. The position of the
profile in relation to the factor arrows is indicative of how a par-
ticular profile is influenced and correlates to a given environmen-
tal factor. In general, animal performance- related factors (ADG,
DMI, and MLW) were correlated with bacterial profiles when the
LF diet was offered, whereas nearly all fermentation-related vari-
ables (namely, acetate, propionate, butyrate, isobutyrate, valerate,
isovalerate, pH, and CH,GEI) were correlated to the profiles from
the HF diet. The CCA model revealed that propionate, valerate,
isovalerate, ADFD, NDFD, pH, CH,GEI, acetate, and isobutyrate
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FIG 1 MDS plot of the PCR-DGGE profiles shown in Fig. S2 in the supplemental material. HF diet profiles are shown in green, and LF diet profiles are shown

in red.

appeared to be the dominant factors influencing the bacterial
community structure while animals were offered the HF diet. In
contrast, MLW, OMD, DMD, A:P, CH,, CPD, butyrate, tVFA,
DMI, and ADG were the dominant factors affecting the bacterial
profiles of animals offered the LF diet. Overall, increased propi-
onate, valerate, ADFD, NDFD, pH, and CH,GEI were observed in
animals on the HF diet. while greater OMD, DMD, A:P, CH,,
CPD, butyrate, tVFA, DMI. and ADG were observed in animals on
the LF diet.

CCA also revealed relationships among the animal physiolog-
ical factors measured. For example, DMI was highly correlated
with MLW (r = 0.77), CH4 (r = 0.76), and ADG (r = 0.72), DMD
was highly correlated with OMD (r = 0.99), ADFD was correlated
with isobutyrate (r = 0.80) and NDFD (r = 0.92), CH, was cor-
related with MLW (r = 0.76), and propionate was positively cor-
related with valerate (r = 0.45) and negatively correlated with
MLW (r = 0.60). Individual DGGE profiles also correlated to
specific host physiological variables (Fig. 2). For example, two
L-RFI HF diet profiles are located on the same trajectory as
isovalerate and in the opposite direction of DMI, indicating that
these profiles were negatively correlated with increasing DMI and
positively correlated with increasing isovalerate. Similarly, one L-
RFI LF diet profile was positively associated with CH, and MLW,
while two L-RFI HF diet profiles were negatively correlated with
these variables.

Relative abundance of specific ruminant microbes according
to host feed efficiency and/or diet. Specific rumen microbial pop-
ulations of Entodinium spp., protozoa, Fibrobacter succinogenes,
Ruminococcus flavefaciens, Ruminococcus albus, Prevotella brevis,
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genus Prevotella, and general anaerobic fungi were targeted using
relative qPCR analysis to examine whether these populations were
associated with variance in feed efficiency and/or dietary energy
type in cattle. The mean changes in rumen populations of these
species are presented in Table 2. There was evidence for an RFI
phenotype-diet interaction (P < 0.05) observed for the relative
abundance of R. albus. This was manifested as a difference (P =
0.02) in R. albus between the RFI groups while offered the HF diet,
with a 1.7-fold-greater relative abundance detected in the L-RFI
phenotype compared to the H-RFI phenotype, but the abundance
did not differ (P = 0.81) between groups offered the LF diet. No
interactions were observed for the total relative abundance of any
of the other microbial species measured (P > 0.05); however,
although not statistically significant, Ruminococcus flavefaciens
tended to be increased (1.5-fold, P = 0.08) in the H-RFI animals
compared to the L-RFI animals on the HF diet. Neither animal
phenotype nor diet type affected the total relative abundance of
fungi (P > 0.05); however, there was a positive association be-
tween abundance of fungi and CH, (r = 0.35; P < 0.05) (Table 3).

An effect (P < 0.05) of RFI phenotype on the relative abun-
dance of genus Prevotella was observed, with a greater relative
abundance detected in the H-RFI animals compared to the L-RFI
animals. The RFI phenotype had no effect on any of the other
microbial populations measured, although a tendency (P = 0.08)
was observed toward a positive effect of RFI on R. albus abun-
dance, with a marginal increase (1.7-fold) in its abundance in the
L-RFI animals compared to H-RFI animals. The abundance of R.
albus was negatively associated with pH (r = —0.37, P < 0.05) and
NDED (r = —0.32, P < 0.05) (Table 3).
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FIG 2 Canonical correspondence analysis (CCA) biplot of bacterial commu-
nity diversity patterns generated by 16S rRNA gene DGGE banding patterns of
56 rumen fluid samples. Each symbol represents an individual DGGE profile
(i.e., O = H-RFI HF diet, ® = L-RFI HF diet, [ = H-RFI LF diet, and B =
L-RFI LF diet, respectively). On a CCA ordination plot (or biplot) the envi-
ronmental variables are represented as arrows. In general, the direction of the
arrows for individual environmental factors indicates an increasing concen-
tration of that factor, while the angle between the arrows indicates the degree to
which they are correlated. In addition, the magnitude of the arrows determines
the importance of that variable on the bacterial profile. Environmental vari-
ables with long arrows are more strongly correlated with the ordination axes
than short arrows and therefore have a greater influence on the pattern of
variation.

An effect of diet (P << 0.0001) on the relative abundance of both
Entodinium species and Prevotella was observed, with a greater
abundance of these microbes detected, while animals were offered
the LF diet compared to the HF diet. In addition, the abundance of
Entodinium was negatively correlated with CH, (r = —0.39; P <
0.05), CH, GEI (r = —0.50, P < 0.001), DMD (r = —0.32, P <
0.05), and OMD (r = —0.39, P < 0.05), whereas the abundance of
Prevotella was negatively correlated with isobutyrate (r = —0.38,
P < 0.05), isovalerate (r = —0.433, P < 0.01), and OMD (r =

—0.32, P < 0.05) (Table 3). Dietary energy type was also found to
affect (P < 0.0001) F. succinogenes abundance, with a reduction
observed in this cellulolytic bacteria while animals were offered
the LF diet. Although not statistically significant, there was a
strong trend toward a greater relative abundances of Prevotella
brevis (P = 0.07, 1.8-fold) and protozoa (P = 0.08, 1.7-fold) in
cattle offered the LF diet, with diet type having no effect on the
total relative abundances of R. albus and R. flavefaciens (P > 0.05),
respectively. Protozoal abundance was positively associated with
isobutyrate (r = 0.42; P < 0.01), butyrate (r = 0.43; P < 0.01), and
A:P (r = 0.32; P < 0.05) (Table 3).

DISCUSSION

Host physiology in terms of age (36), genetics (20), and species
(55) has been shown to influence rumen microbial consortia. Fur-
thermore, physiological differences in methane output (22) and
improved nutrient digestion (41) have been reported to be asso-
ciated with variation in feed efficiency, thus supporting a role for
improved rumen fermentation in increased feed efficiency. In-
deed, a putative effect of feed efficiency phenotype on rumen mi-
crobial populations in beef cattle offered a LF diet has been re-
ported (20). However, recent evidence suggests that while the
ranking of cattle for feed efficiency across different phases of life
remains relatively consistent when animals remain on the same
diet (31), significant reranking can occur where diets are varied
over time (14). Therefore, increased knowledge of the microbial
consortia in the rumen of animals varying in feed efficiency and
how these change in response to diet offered is necessary to en-
hance our understanding of the contribution of the rumen micro-
biota to host feed efficiency. First, our study used PCR-DGGE
microbial community analysis to profile the overall bacterial pop-
ulation in the rumen of animals (# = 28) divergent in RFI pheno-
type initially offered an HF diet and then subsequently offered an
LF diet. Second, qPCR analysis allowed quantification of selected
prominent rumen microbes involved in processes, such as plant
fiber degradation (17), starch metabolism (56), and degradation
of proteins (28), which ultimately improve diet digestibility, me-
tabolism, and nutrient utilization of the host.

The physiological processes contributing to variation in RFI
have been reviewed (23), with interanimal differences in digestion
proposed to contribute ca. 10%. In addition, significant differ-
ences in terms of energy metabolism have been reported in cattle
divergent in RFI (22). In the rumen, organic chemicals such as C,

TABLE 2 Effect of phenotypic RFI and diet on ruminal microbial populations

Proportion”

RFI Diet Significance”
Organism H L SED HF LF SED RFI Diet RFI vs. diet
Entodinium 0.01 0.01 0.004 0.01 0.02 0.004 NS <0.0001 NS
Fibrobacter succinogenes 0.05 0.05 0.013 0.09 0.02 0.013 NS <0.0001 NS
General anaerobic fungi 0.02 0.01 0.012 0.01 0.02 0.012 NS NS NS
Genus Prevotella 0.49 0.42 0.065 0.19 0.72 0.065 0.05 <0.0001 NS
Prevotella brevis 0.03 0.03 0.008 0.02 0.04 0.008 NS NS NS
Protozoa 0.01 0.01 0.003 0.01 0.02 0.003 NS NS NS
Ruminococcus albus 0.01 0.01 0.002 0.01 0.01 0.002 NS NS 0.05
Ruminococcus flavefaciens 0.001 0.001 0.0001 0.001 0.001 0.0001 NS NS NS

“ Microbes were measured as a proportion of the total estimated rumen bacterial 16S rRNA gene [relative quantification = 2~ (C7-target = CT-total bacteria)] 1y hjgh; [, Jow; HF, high

forage; LF, low forage; SED, standard error of the difference.

b Significance values for transformed data were determined. Back-transformed means are presented for clarity. RFI, residual feed intake; NS, not significant (P > 0.05).
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TABLE 3 Association between physiological and rumen fermentation variables and relative microbial abundance in beef heifers divergent for

residual feed intake

Association between physiological and rumen fermentation variables and relative microbial abundance”

Variable® Entodinium F. succinogenes Fungi Prevotella spp. P. brevis Protozoa R. albus R. flavefaciens
DMI 0.307 0.16 -0.01 -0.03 0.25 0.08 -0.11 0.09
CH, —0.39* —0.07 0.35* —0.03 —-0.01 —0.12 -0.16 0.09
MLW 0.24 0.02 0.24 -0.25 0.06 0.14 -0.14 0.13
tVFA -0.19 —-0.10 -0.03 0.287 -0.02 —-0.01 0.01 0.01
Acetate 0.13 0.06 0.20 —0.05 —-0.01 0.16 0.15 0.03
Propionate -0.20 0.01 —-0.26 0.16 -0.06 —0.34* -0.05 0.05
Isobutyrate 0.01 -0.22 0.10 —-0.38% -0.17 0.42** -0.02 -0.19
Butyrate 0.03 —0.20 0.20 0.05 0.16 0.43** 0.20 -0.21
Isovalerate 0.03 —0.27F —-0.03 —0.43* —0.04 0.25 -0.07 —-0.23
Valerate -0.16 -0.13 -0.13 —-0.18 -0.15 -0.07 —-0.30F -0.13
AP 0.20 0.01 0.25 -0.16 0.06 0.32* 0.09 —0.03
pH 0.13 0.19 -0.15 0.15 0.08 0.16 —0.37* 0.10
CH,GEI —0.50%** -0.19 0.26 -0.01 -0.15 —-0.10 -0.03 0.04
DMD —0.32* -0.21 0.12 —0.311 —0.10 0.20 —0.12 -0.21
OMD —0.39* -0.20 0.13 —-0.32% —0.14 0.14 -0.13 -0.20
CPD -0.22 -0.11 -0.01 -0.17 0.01 0.20 0.14 -0.16
NDFD —0.22 —0.02 0.02 —0.23 —0.20 0.08 —0.32* —0.01
ADFD -0.20 —-0.01 -0.03 —-0.297 -0.13 0.08 -0.20 —-0.02
GED —0.297 -0.19 0.20 —0.28+ -0.09 0.22 -0.07 —-0.18

@ DML, dry matter intake; CH4, methane; MLW, mean live weight; tVFA, total volatile fatty acids; A:P, acetate/propionate ratio; CH,GEI, methane energy from gross energy intake;
DMD, dry matter digestibility; OMD, organic matter digestibility; CPD, crude protein digestibility; NDFD, neutral detergent fiber digestibility; ADFD, acid detergent fiber

digestibility; GED, gross energy digestibility.

Y The organisms tested included Fibrobacter succinogenes, Prevotella brevis, Ruminococcus albus, and Ruminococcus flavefaciens. Correlation coefficients indicated in boldface are

different from zero (P < 0.10). t, P < 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

H, and N contained in plants are metabolized by the microbes to
produce VFA. The terminal products of communal anaerobic me-
tabolism are principally methane and CO,. Since VFA production
in the rumen by microbial fermentation represents the currency in
terms of energy for host nutrition, divergence in microbial fer-
mentation efficiency is likely to be associated with this trait. Con-
sistent with the findings of a previous study (20), our own PCR-
DGGE analysis revealed that RFI phenotype was associated with
the overall bacterial profile in the rumen. Relative to feed effects,
however, the effect of RFI phenotype was quite small. Community
profile analysis showed that the effect of RFI phenotype was mod-
ified in accordance with the chemical composition of the diet of-
fered, with RFI-mediated divergence in microbial profiles only
observed while animals were offered an HF diet. This result was
surprising given that the LF diet offered in our study was more
similar, in terms of dietary energy content, to the finishing diet
offered in the study of Guan et al. (20), than the HF diet, which
consisted of grass silage only. However, diet is widely accepted to
contribute to microbial diversity in the rumen. This, coupled with
the recent evidence showing reranking of animals based on phe-
notypic RFI depending on the diet offered (14), suggests that while
the rumen microbiota may play a role in host feed efficiency, this
effect is most likely modulated by the type of diet offered.

In the present study we observed associations between host
physiology and the rumen microbial community; however, these
associations were influenced by the chemical composition of the
diet. Diet type is widely accepted to contribute to production of
specific rumen fermentation variables. Therefore, it is unsurpris-
ing that, relationships between host physiology and the rumen
microbial community may be dependent on the chemical compo-
sition of the diet offered, as observed here. Indeed, a recent study
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reported that several rumen fermentation variables and feed effi-
ciency traits were correlated with specific rumen bacteria, under a
low-energy dietary regime (26).

In our study, the observation that numerous bacteria from the
LF diet were negatively correlated with rumen pH, while many
bacteria from the HF diet correlated with this fermentation vari-
able, further supports the fact that rumen pH is a critical factor in
influencing the types of bacteria present in the rumen, with some
bacteria proliferating better at higher pH than others and vice
versa (28). In the rumen, butyrate is primarily used as a source of
energy for the host (39) and has been found to be increased sig-
nificantly when the diet is changed from a low-concentrate, low-
energy diet to a high-concentrate, high-energy diet (35). Our re-
sults further support this finding, since butyrate was the only
individual VFA associated with bacterial profiles while animals
were offered the LF diet. Due to the rumen fill value of the diet,
voluntary DMI can be suppressed in animals offered forage-only-
based diets compared to diets containing high concentrate levels
(13). This can be ascribed to the slow rate of fermentation and
onward passage of small particles due to the fibrous bulky nature
of a forage based diet (18). It is generally accepted that rumen
liquid and particle turnover rate are positively correlated with
intake; therefore, we hypothesize that inevitability this would af-
fect both the numbers and diversity of bacteria in the rumen.
Thus, it was unsurprising that DMI was positively correlated to
bacterial profiles of the LF diet and negatively correlated to that of
the HF diet.

Using PCR-DGGE, previously identified rumen bacteria re-
ported to be associated with RFI in cattle include Prevotella sp.,
and Ruminococcus gauvreauii strain CCRI 16110 (25, 26). In the
present study, specific quantification of the Prevotella genus using
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qPCR showed an effect of both RFI and diet on this microbial
group. The effect of diet on the rumen microbial consortia has
been discussed in the previous section. However, the effect of RFI
on rumen Prevotella suggests that a genetic difference may exist in
terms of Prevotella abundance in the rumens of H- and L-RFI
animals, since this effect was consistently observed irrespective of
the diet offered. Rumen Prevotella spp. metabolize starch, protein,
peptides, hemicellulose, and pectin. Fermentation products of ru-
men Prevotella spp. include acetate, succinate, and propionate.
Therefore, greater abundance of this genus in H-RFI animals sug-
gests a probable difference in the fermentation pathways of these
dietary components between H- and L-RFI animals. Differences
in the abilities of Prevotella spp. to degrade polysaccharides have
been observed. Moreover, a recently published study identified
significant differences between two Prevotella species after se-
quencing of excised PCR-DGGE bands (25). Therefore, further
research is required to investigate this microbial group at the spe-
cies or strain level to elucidate its association with host feed effi-
ciency. Our qPCR results also showed that Prevotella spp. were the
most abundant of the microbes analyzed here. This is consistent
with the findings of Tajima et al. (50), who reported that Prevotella
species were far more abundant than 11 other bacterial species
examined in that study. We identified negative associations be-
tween Prevotella and isobutyrate, isovalerate, and OMD. In agree-
ment with Hernandez-Sanabria et al. (26), who reported several
associations of Prevotella sp. with various products of fermenta-
tion, given that rumen Prevotella are a predominant rumen mi-
crobial population, it is not surprising that these microbes were
associated with rumen fermentation variables.

The predominant rumen fibrolytic bacteria are Fibrobacter suc-
cinogenes, Ruminococcus flavefaciens, and Ruminococcus albus
(28), which possess a greater ability to digest cellulose than other
cellulolytic species. In our study, we detected more R. albus in the
L-RFI animals while maintained on the HF diet. Since R. albus is a
major player in the degradation of cellulose to carbohydrates in
the rumen, a higher abundance of this may contribute to greater
feed digestibility and thus feed efficiency. Consistent with previ-
ous findings (37), we detected no difference in R. albus abundance
when the diet was changed from HF to LF. This was not surprising
given that the activity of these bacteria is inhibited when the diet is
high in either starch or sugars (44). We also observed a negative
association for R. albus with rumen pH and NDFD. Since R. albus
has a narrow pH range (pH 6 to 7) for proliferation, any fluctua-
tion in pH outside this range would undoubtedly affect the abun-
dance of this cellulolytic bacterium. NDFD is used as a measure of
the digestibility of the diet, with the majority of the energy avail-
able within the NDF fraction contained in cellulose (19). There-
fore, the negative association between R. albus and NDFD is quite
possibly due to a lesser requirement of these bacteria to break
down the cellulose fraction of the diet when the digestibility of the
diet is increased. The negative association between the abun-
dances of R. flavefaciens and R. albus has been documented (5).
Thus, the lower abundance of R. flavefaciens in L-RFI animals on
the HF diet may be due to the higher abundance of R. albus ob-
served in these animals. Inversely, the higher abundance of R.
flavefaciens in the H-RFI phenotypes may have been due to some
degree to the lower R. albus abundance. F. succinogenes has been
denoted as one of the most widespread cellulolytic bacteria in the
rumen, contributing ca. 5 to 6% of total prokaryotic 16S rRNA in
the rumen contents of cattle (3). Given the fibrolytic activity of
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this species, we would have anticipated its abundance to be lower
for animals on the LF diet due to the lower fiber content. More-
over, the observation in our study that F. succinogenes was the
most abundant cellulolytic species is in agreement with previous
findings in sheep (33). However, in contrast to the findings of
earlier studies, our study showed that R. flavefaciens was the least
abundant of the three cellulolytic species analyzed, although it
should be noted that the abundances of both R. albus and R. flav-
faciens were much lower than that of F. succinogenes. This differ-
ence is potentially due to the well-documented variation in host
and environmental factors (diet, age of the animal, and geograph-
ical location) and also due to the different molecular techniques
used.

Rumen fungi play an important role in fiber degradation
within the rumen, since they can penetrate both the cuticle and the
cell wall of lignified material (28). However, despite their central
role in rumen fiber degradation, we failed to detect any difference
in the abundance of fungi between RFI groups or dietary energy
type. Rumen fungi can exist in two biological life stages which
occupy distinct niches in total rumen contents. Free-living zoo-
spores are found in the rumen fluid, while zoospores and sporan-
gia may be found attached to solid particulate material. Since zoo-
spores occur in relatively low numbers (10> to 10* per ml of rumen
fluid), this may be the reason we detected no difference in fungal
abundance. However, published data suggest that diet can have a
significant effect on fungal populations, with high-fiber diets pro-
moting larger fungal populations (1) than high-concentrate diets.
Indeed, a recent review by McAllister (38) noted that the most
dramatic change in rumen microbial profile is most likely evoked
during transition from a forage to a concentrate diet, as fermen-
tation parameters are switched from mainly cellulose and hemi-
cellulose to starch and sugars.

There are discrepancies in the literature with regard to the im-
portance of protozoa to the host ruminant. Some studies have
reported that protozoa provide no obvious benefit to host nutri-
tion (2), while others have reported that protozoa may reduce the
availability of both dietary and microbial protein available to the
animal (53). However, there is extensive evidence to suggest that
protozoa are responsible for many functions in the rumen that are
beneficial to the host (56). In the present study we observed a
greater relative abundance of Entodinium spp. while animals were
offered the LF diet compared to the HF diet. It has been shown that
Entodinium thrives on increased concentrate diets due to the
higher starch content (11). These protozoa engulf starch and at-
tached amylolytic bacteria, thus regulating the rate of starch fer-
mentation in the rumen. Moreover, total protozoa have been re-
ported to be in greatest abundance when the concentrate
proportion of the diet was increased in cattle (11). We observed a
negative relationship between protozoa and propionate and pos-
itive relationships between protozoa and butyrate, isobutyrate,
and A:P ratio. In accordance with these findings, the removal of
rumen protozoa has been shown to result in increased propionate
concentrations (27) and reduced A:P ratio. In addition, rumen
protozoa produce butyrate as a metabolic end product. Although
the negative association between Entodinium spp. and CH, and
CH,GEI was surprising given that these hydrogen producers are
deemed to positively influence CH, production, it has also been
reported that methanogens take longer than other rumen mi-
crobes to adapt to changes in their environment (57). Further-
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more, methanogenesis could potentially be altered due to fluctu-
ations in the abundances of other H,-producing rumen microbes.

Although it could be argued that the digesta sampling proce-
dure used in the present study was limited in that it predominantly
facilitated the liquid fraction of the rumen to be sampled, other
methods of sample collection which allow both solid and liquid
fractions to be collected are not without limitation (15). Indeed, a
recent study using deep sequencing of the rumen contents from
both the solid and the liquid phase identified greater bacterial
diversity in the liquid phase compared to the solid phase (9).

Conclusion. Data from the present study show an association
between both feed efficiency phenotype and diet with rumen mi-
crobial diversity in cattle. PCR-DGGE analysis revealed that the
chemical composition of the diet can alter the bacterial diversity in
the rumen with profiles generating distinct clusters according to
diet. A link between the overall bacterial ecology of the rumen and
host feed efficiency has recently been reported in animals offered
one diet type (20). Our study shows that this link may not be
consistent across diets since although the majority of animals on
the HF diet clustered according to RFI phenotype, animals
grouped separately irrespective of RFI ranking on the LF diet. This
suggests that the effect of this diet was greater than individual
interanimal variation. In this regard, our data are also consistent
with recent studies highlighting the re-ranking of animals for RFI
across different diet types (14). Furthermore, we have demon-
strated that diet type may modulate the effect of RFI phenotype on
the abundance of specific rumen microbes, and we report here, for
the first time, a link between the abundance of rumen Prevotella
and host feed efficiency. Rumen Prevotella are therefore candi-
dates for further investigation at the species level to elucidate their
association with host feed efficiency, which might provide insight
as to whether these microbes could be manipulated to improve
feed efficiency in beef cattle. In addition, the present study further
emphasizes that many rumen microbial populations can either
gain or loose dominance in the rumen depending on the compo-
sition of the diet. Future work using high-throughput next-gen-
eration sequencing will allow us to focus on microbe-microbe and
microbe-host interactions and will further elucidate the biodiver-
sity of rumen microflora and their potential role in host feed effi-
ciency.
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